This paper is motivated from the wider need in system identification studies to identify and interpret the eigenvalues of seismically isolated bridges from field measurements. The paper examines the transverse eigenvalues of multispan bridges which are isolated in both transverse and longitudinal directions at all supports including all center piers and end-abutments. The paper shows that regardless of the value of the longitudinal isolation period of the deck, the length of the bridge and the number of spans, the first transverse (isolation) period is always longer than the longitudinal isolation period of the deck. This result cannot be captured with the limiting idealization of a beam on continuously distributed springs (beam on Winkler foundation) which yields the opposite result-that the first transverse period is always shorter than the longitudinal isolation period. This fundamental difference between the response of a flexural beam supported on distinct, equally spaced springs and that of a beam supported on continuously distributed springs has not received the attention it deserves in the literature of structural mechanics-dynamics. Finally, the paper shows that the first normalized transverse eigenperiod of any finite-span isolated deck follows a single master curve and the solutions from all configurations are self-similar and are not dependent on the longitudinal isolation period or on whether the deck is isolated on elastomeric or spherical sliding bearings.
INTRODUCTION
Traditionally several conventionally designed bridges use elastomeric bearings (pads) between the deck and its supports to accommodate thermal movements. The long experience of bridge engineers with the technology of bearings had a positive role in the implementation of isolation bearings to protect bridges from earthquakes. Seismic isolation, with either elastomeric or sliding bearings, is at present widely adopted as an effective technology for the seismic protection of highway and railway bridges (Skinner et al.1993 , FHWA 1995 .
In an earlier publication (Makris et al. 2010) , the authors examined the eigenvalues of a seismically isolated deck with its ends restricted from translating along the transverse direction (pinned supports at the end-abutments); while, the deck was fully isolated along the longitudinal direction. Restricting the ends of the deck from translating laterally is nearly imperative in railway bridges in order to avoid misalignment of the rails at the deck-abutment joints during earthquake shaking and it was concluded that for isolated bridges longer than a certain length the first transverse isolation period despite the flexural rigidity of the deck is longer than the longitudinal period; this critical length depends on whether the bridge is isolated on elastomeric bearings or on spherical sliding bearings.
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In highway bridges there are usually shear keys at the end abutments; however, the gap between the deck and the shear keys may be large enough (5.0 to 8.0cm), so that under small amplitudes of vibration the ends of the deck behave as free ends. This paper complements the work of Makris et al. (2010) and examines the eigenvalues of seismically isolated bridges free to translate at the end abutments.
The paper concludes that, regardless of the value of the longitudinal isolation period of the deck, the length of the bridge and the number of spans; the first transverse (isolation) period is always longer than the longitudinal isolation period of the deck.
This result cannot be captured with the limiting idealization of a beam on continuously distributed springs (beam on Winkler foundation) which yields the opposite result -that the first transverse period is always shorter than the longitudinal isolation period.
Furthermore, when the stiffness of the isolation bearings is relatively small compared to the stiffness of the deck (as in the case of medium size bridges, say 300 Lm  ), the isolated deck tends to translate along the transverse direction with a nearly rigid body motion and the transverse isolation period tends to the longitudinal isolation period.
On the other hand, when the distributed stiffness of the beam on Winkler foundation is relatively small compared to the stiffness of the deck with length L , the first transverse period of the system is the first flexural period of a free-free end beam, with isolation bearings at its two ends and at its mid-span. The analytical results derived in this study are confirmed numerically with commercially available software on a four-span and an eight-span isolated deck. The entire modal analysis presented in this paper hinges upon a linear bearing behavior; therefore, it assumes that the isolated system is fully engaged and that the displacements above isolators are large enough so that the second slope of the bilinear idealization of the bearings controls the response. This analysis is conducted within the context of the linear theory of seismic isolation in analogy to the modal analysis presented for the 2-dof isolated structures presented in textbooks (Kelly 1997 ). Figure 1 shows the mechanical idealization of a seismically isolated bridge where the longitudinal and transverse motion of the deck is isolated with springs at the center piers and at the abutments. In order to capture the dynamic behavior of the mechanical configuration shown in Figure 1 we examine the mathematical solution of the two limiting cases-those of a beam that is fully isolated in both directions and has either (a) infinite distributed longitudinal and transverse springs along its span (beam on Winkler supports) as shown in Figure 2 , or (b) longitudinal and transverse isolation springs at the mid-span and the end abutments as shown in Figure 3 .
MECHANICAL IDEALIZATION OF ISOLATED BRIDGES
In this paper we examine the transverse versus the longitudinal eigenperiods of an isolated deck assuming that the isolation bearings are supported on rigid supports in an effort to bring forward the main characteristics of the dynamics of the system. In reality most bridge decks are supported on piers with finite flexibility and this results 5 in a minor increase of both transverse and longitudinal periods. More specifically, given that most bridge piers have their strong axis along the direction of the deck and their weak axis perpendicular to the direction of the deck, the longitudinal period tends to lengthen slightly more than the transverse period (Buckle et al. 2006 ); therefore, modifying the results presented in this work which are for rigid piers in both directions. It is worth mentioning that the effect of soil-structure interaction on the lengthening of the isolation periods is marginal (of the order of 1.5% to 2.5%) 
where () wx is the transverse deflection of the beam along its length. 
The solution of Equation (3) is
The boundary conditions of this configuration for vibrations along the transverse direction are zero moments (
at the end-abutments. Given that the second derivative of Equation (4) is 
With the aforementioned boundary conditions for flexure along the transverse
of the problem are obtained from the solution of the homogeneous system
The solution of the associated characteristic equation is given by:
Equation (9) 
The characteristic equation of the system reduces to
and the solutions of Equation (13) At this point it is interesting to note that the eigenfrequencies of a beam on Winkler foundation with free-free ends are higher (stiffer configuration) than the eigenfrequencies when both ends are pinned. This result is consistent with the result that a "flying" oscillating beam (free-free end) has higher eigenfrequencies (those of the fixed-fixed end beam) than the eigenfrequencies of a pinned-pinned end beam (Timoshenko et al. 1974) . Table 1 summarizes the characteristic equations and the resulting transverse eigenvalues for a free-free end and a pinned-pinned end beam on
Winkler foundation.
LONGITUDINAL AND TRANSVERSE EIGENVALUES OF A BEAM WITH A LONGITUDINAL AND TRANSVERSE SPRING AT ITS MID-SPAN AND ITS SUPPORTS
We now proceed with the eigenvalue analysis of the other limiting mechanical idealization-that of a beam where its longitudinal and transverse motion is isolated with springs at its three supports (see Figure 5 ).
Transverse Periods
Given the symmetry of the problem we can analyze half of the beam with /2 lL  as shown in Figure 5 . Note that this model yields only the symmetric modes. 
Equation (17) 
  are dimensionless parameters which express the relative contribution of the stiffness of the isolation bearings at the abutment and the mid-span, to the transverse flexural rigidity of the deck respectively.
We first examine the limiting expressions of Equation (19) as 
Equation (22) offers the odd roots of Equation (13) which is the characteristic equation of a beam with fixed-fixed ends and length 2 Ll  (see graphs in Figure 4 ).
The reason that Equation (22) offers only the odd roots is that the semi-beam shown in Figure 5 can capture only the symmetric mode shapes. Equation (22) 
a) Spherical-Sliding Bearings
We consider now the case where the two-span bridge of Figure 5 is supported at each of the three supports (end-abutments and mid-span) on identical spherical sliding bearings with radius of curvature R , both in longitudinal and transverse direction. 
Equation (26) with the help of Equation (18) 
Longitudinal Periods a) Spherical-Sliding Bearings
When the two-span bridge of Figure 5 is supported at each of the three supports (endabutments and mid-span) on identical spherical sliding bearings with radius of
Recalling that the two-span beam is a continuous beam, the vertical reaction at the center bearing is 
b) Elastomeric Bearings
In the case that the two-span deck of Figure 5 is supported at each of the three supports (end abutments and mid-span) on identical elastomeric bearings with lateral stiffness MA KK  , the longitudinal period of the bridge is
The dimensionless stiffness of the bearing, 3 
Substitution of Equation (33) 
THE TRANSVERSE EIGENVALUES OF MULTI-SPAN ISOLATED BRIDGES
Our investigation proceeds with the analysis of a 4-span and an 8-span isolated deck.
Similarly to the mechanical idealization shown in Figure 1, is given by Equation (29).
We are now interested in examining whether the four (4) Nevertheless, the horizontal axis in Figure 10 Finally, using arguments from dimensional analysis the paper shows that the normalized transverse eigenperiods of any finite-span isolated deck are self-similar solutions that are independent of the longitudinal isolation period of the deck or whether the deck is supported on elastomeric or spherical sliding bearings. In a logarithmic plot this self-similar behavior collapses to a single straight line which offers the first transverse isolation period on any finite-span isolated deck. 
